Abstract The dynamics of superparamagnetic particles subject to competing magnetic and viscous drag forces have been examined with a uniform, stationary, external magnetic field. In this approach, competing drag and magnetic forces were created in a fluid suspension of superparamagnetic particles that was confined in a capillary tube; competing viscous drag and magnetic forces were established by rotating the tube. A critical Mason number was determined for conditions under which the rotation of the capillary prevents the formation of chains from individual particles. The statistics of chain length was investigated by image analysis while varying parameters such as the rotation speed and the viscosity of the liquid. The measurements showed that the rate of particle chain formation was decreased with increased viscosity and rotation speed; the particle dynamics could be quantified by the same dimensionless Mason number that has been demonstrated for rotating magnetic fields. The potential for enhancement of mixing in a bioassay was assessed using a fast chemical reaction that was diffusion-limited. Reducing the Mason number below the critical value, so that chains were formed in the fluid, gave rise to a modest improvement in the time to completion of the reaction.
Introduction
Microfluidics has popularized the study of biomolecular interactions in small volumes due to faster assay times, reduced reagent consumption, integrated multiple assay steps, portability, and cost effectiveness (Ganguly et al. 2010; Zhou et al. 2010; Herr et al. 2007 ). Microfluidic flow is usually dominated by laminar flow in a low-Reynolds number regime and the interaction between reagents in the fluid is limited to diffusion, which is time consuming as large molecules (organic and biological) with very low diffusivities are involved in the biomolecular interactions. The strategies to improve interactions between biomolecules can be categorized into passive and active mixing methods. Passive methods are based on the perturbation of fluids caused by its flow through a maze of geometrical structures (Johnson et al. 2002; Chandrasekaran and Packirisamy 2008) . Active methods are aided by external forces to generate chaotic advection to increase the interfacial area. Examples include electrokinetic driving forces to mix electrolytic fluids (Fu et al. 2005) ; non-contact magnetic force-controlled superparamagnetic nanoparticle manipulation (Kim and Park 2005) ; manipulation of microliter sized droplets using ferrofluids dynamics (Song et al. 2007 ); piezoelectric transducers (PZT) to create ultrasonic vibration (Liu et al. 2003) , and hydrodynamic interaction; and alternating electroosmotic flows such as micropumps (Kim et al. 2009a; Derks et al. 2008) .
Recent studies have shown that the manipulation of magnetic particles has promise as a platform for fast mixing, as complex magnetic fields and flows are easily generated (Derks et al. 2007 ). In addition, magnetic particles can be synthesized with custom properties such as high surface to volume ratio for bio-molecular binding, chemical functionality to improve binding of biomolecules and can be applied in homogeneous assays that avoid additional washing steps. Frank et al. (2009) demonstrated enhanced mixing of superparamagnetic particles in small liquid volumes under a rotating magnetic field with a change of particle chain length that correlated with changes in relative velocities. Linked chains of magnetic particles have been used in a rotating magnetic field to mix fluids in microchannels with increasingly chaotic fluid trajectories (Biswal and Gast 2004a) ; chains of magnetic particles were shown to be active micro-stirrers to achieve enhanced mixing (Kang et al. 2007) ; and dynamic actuation of superparamagnetic particles has been shown to enhance microfluidic perfusion (Moser et al. 2009 ).
For maximum probability of interaction between a reaction site on the surface of a magnetic particle and the analyte in solution, agglomeration should be avoided when the liquids are subjected to magnetic fields. Agglomeration (random 3D assembly) reduces the analyte-antibody interaction probability due to inaccessibility of the analyte to the core of the agglomerate. Having magnetic particles assemble as chains (an organized ID assembly) increases the interaction probability and eases the transport within microfluidic devices. This enhanced interaction between magnetic particle-bound antibodies and the analyte is further improved by applying competing forces-magnetic forces and viscous drag. Sensitive biosensors require a satisfactory balance between moderate magnetic fields that move particles within fluids and enhance mixing, without the tendency for particles to aggregate and diminish the effective surface area and the number of binding sites. Previous studies on magnetic particle mixing were based on the superparamagnetic particles in rotating magnetic fields that were created by the phased excitation of a quadrupole arrangement of electromagnets. These systems can present several challenges such as undesirable heat generation by the electromagnets and limited optical access. Unintentional heating results in undetermined and uncontrolled effects in systems that involve chemical and biological reactions. Furthermore, the quadrupole electromagnet is not an ideal arrangement for a small scale, low power, and portable biosensor. This paper presents a new design for fluid mixing based on an active mixing approach, employing superparamagnetic particles with magnetic and viscous counter forces. To overcome some of the challenges of a rotating magnetic field, we propose the inverse, i.e., a rotating capillary tube in a fixed magnetic field, to achieve the same result. The rotating capillary establishes a forced or rotational vortex in which there is no fluid shear and the motion can be described as a solid body rotation. In addition, there is no radial velocity. This simple motion provides an accurately known velocity field at low particle concentrations, in which the magnitude of the fluid velocity increases linearly with distance from the axis. The use of capillaries has various advantages. Adaptors and feed-through standards for capillary systems have been developed for gas and high-pressure chromatography technology. Many companies sell small rotary unions to couple rotating and stationary parts. This makes the use of capillaries appealing in a simple, off-the-shelf device. Capillaries also provide options for liquid-core light guiding, making it a versatile option for both absorption and fluorescence detection.
The formation of chains of magnetic particles in a fluid has been examined in the context of ferrofluids and the impact on the rheological properties of the mixtures (Thurm and Odenbach 2003; Ghasemi et al. 2008) . Ferrofluids are used in magnetic bearings, as seals on shafts, as a heat transfer medium in loudspeakers, among other examples. The formation of chains affects the viscosity of the suspension. In this study, we experimentally examine the formation of chains in a micro-capillary system with combined optical microscopy and image analysis. A measure of the enhancement of mixing was obtained using the mixing-limited reaction between HRP (Horseradish peroxidase) enzymes and a colorless substrate in a colorimetric assay.
Experiment
A borosilicate capillary tube (Friedrich & Dimmock, NJ), outside radius = 600 lm, inside radius (r c ) = 450 lm was used in all the experiments. The capillary tube was attached to an electrically controlled motor (Tamiya, Japan). The DC motor was used to control the rotation speed as shown in Fig. 1 . The initial condition for all experiments consisted of uniformly dispersed single particles; the magnetic field and rotation of capillary tube were applied simultaneously at t = 0. The magnetic field was applied for at least 25 min to investigate the steady-state rate of particle chain formation at different angular velocities.
Two permanent rectangular (50.8 mm long, 12.7 mm wide and 3.17 mm thick) Neodymium-Iron-Boron magnets (Magcraft, VA) were symmetrically placed on either side of the capillary tube, such that the axis perpendicular to the largest area of the magnet and the corresponding magnetic field was perpendicular to the axis of the capillary tube (Fig. 2) . The strength of the magnetic field was controlled by changing the distance between the two magnets; the maximum magnetic field of 300 mT was measured with a Gauss meter (Transcat, NY). The uniformity of the magnetic field was confirmed both experimentally and numerically (Vizimag 3.19), avoiding magnetic gradients that would lead to deposition of particles onto the inner wall of the tube.
The superparamagnetic particles were purchased from Bangslabs, Inc. (5 % solids by weight, Fishers, IN). Superparamagnetic magnetite nanoparticles (7.1 wt%) are dispersed in a micron sized polymer bead. The mean particle diameter was d = 2.85 lm, density q = 1,230 kg/m 3 , and the particle susceptibility v = 0.597. The measured particle susceptibility captures the demagnetizing field formed by the particle. The particles were diluted to 0.06 wt% solids in 1 mM PBS (Phosphate buffered saline) solution; a volume of 1 lL of suspension was used in all experiments. In addition, the capillary tube was rinsed with PEG (Polyethylene glycol) solution to prevent adhesion of the particles onto the inner wall of the tube. Glycerol was added in all cases to the buffer solution to change the viscosity of the liquid. The viscosities of glycerol-water mixtures for different mass concentrations are shown in Table 1 . The viscous drag force experienced by the particles was adjusted by either varying the rotational speeds x of the capillary tube and or by adjusting the fluid viscosity with the addition of glycerol to water. In addition, glycerol was used to adjust the refractive index for improved particle image resolution. The capillary tube was subjected to steady rotation with angular velocities x which varied from 0.05 to 0.817 rad s -1 . The particles were freely suspended in the buffer solution in the absence of magnetic field, but when the magnetic field was applied, they began forming chains.
To visualize the particles, an in-house imaging system was built. It consisted of an objective lens (509, Mitutoyo, Japan), binocular microscope system (Scienscope, NC), Fig. 1 and CCD camera (Tucsen imaging technology, China). A time interval of 142 ms and resolution of 2,580 9 1,944 pixels were used to take particle images during rotation of the tube (Fig. 1) . The depth of focus was about 25 lm. Particle imaging in the capillary was limited to a region close to the capillary wall as a result of excessive scattering from particles at locations distant from the wall. The poor quality of the images at more central locations in the capillary prohibited the collection of data at these locations. As a result, particles that were more than 50 lm from the inner wall of the capillary were not considered for image analysis due to the poor resolution of the particles. The images of particle chains were recorded on a computer from the CCD camera and processed using image analysis software (ImageJ, NIH). Images of chains are shown in Fig. 1 . Superparamagnetic particles coated with horseradish peroxidase (HRP) enzyme and a buffer solution containing the chromogenic substrate tetramethylbenzidine (TMB) were used to investigate the mixing rate between the solution and the magnetic particles. HRP was conjugated to the magnetic particles following a standard protocol (Kim et al. 2009b) . Particles were suspended in 1 ml of dried DMF and N-hydroxysulfosuccinimide (sulfo-NHS, 0.06 mmol) and 1-[3-(dimethylamino)propyl]-3ethylcarbodiimide hydrochloride (EDC, 0.05 mmol); the mixture were incubated overnight at room temperature in a rotating mill. After a single wash, the particles were extracted by a magnetic. HRP solution was added to the particles and the mixture was shaken for 4 h at room temperature. The HRP-conjugated magnetic particles were suspended with PBS. HRP substrate buffer was prepared by adding 400 ll of 0.6 % TMB in dimethyl sulfoxide (DMSO) and 100 ll of 1 % hydrogen peroxide (H 2 O 2 ) into 25 ml of citrate-acetate buffer. A white light-emitting diode (LED) was used to measure the change in the optical density of the liquid; the absorbance was a measure of reaction at the particle surface and was used as a measure of mixing. The absorbance of the liquid was followed for 20-30 min by Photodiode (FDS010, Thorlabs, NJ) for different Mason numbers.
Results and discussion
The characteristics of the magnetic particles, such as chain length and the abundance of chains, depend on the strength of the magnetic field and its gradients, the magnetization of the particles, the viscosity of the medium, and in our case the rotational speed of the capillary; these quantities can be expressed in terms of a non-dimensional group, the Mason number. The Mason number, Mn, is defined as the ratio of a hydrodynamic force to the magnetic interaction force. Several studies have used the dimensionless Mason number to describe the particle dynamics induced by a rotating magnetic field with different proportionality factors (Kang et al. 2007; Krishnamurthy et al. 2008) ; in this study we define Mn in a similar manner to Biswal and Gast (2004a) as
where g is the viscosity of the fluid, x is the angular velocity of the capillary tube, l 0 is the magnetic permeability of vacuum, v is the particle susceptibility, and H 0 is the external magnetic field strength. For large Mn, viscous drag forces dominate magnetic forces and cause the chains, formed under the influence of the magnetic field, to breakup (Melle and Martin 2003) . Mason numbers between 0.92 9 10 -3 and 15.1 9 10 -3 were applied in our experiments by changing the parameters affecting the drag force and viscosity. Variation of the Mason number permitted examination of the influence of the key parameters on the rate of particle chain formation. We have studied the relative velocity of both single particles and chains relative to the suspending fluid. The single particles offer a convenient measure of the fluid velocity in the absence of an external magnetic field, given the fact that they closely follow the steady, low-Reynolds number flow in the capillary. The single-particle Stokes number (St) was calculated to be 2.54 9 10 -5 ; for a St ( 1, the particles follow the fluid velocity.
Three distinct effects are at play in the dynamics of superparamagnetic particles in a rotating flow field: selfassembly of single particles into chains due to the induced magnetic moment of particles; torque on the rotating chains by the external magnetic field; and viscous drag of the fluid due to chain rotation relative to the fluid. In the case of a rotating magnetic field and stationary fluid, chains rotate about an axis at the same frequency as the magnetic field with a retarded phase angle (Melle et al. 2000) . For the case of a rotating capillary with a fixed uniform magnetic field, chains follow the fluid that rotates as a solid body with the magnetic moment vector of the chains pointed in the direction of the magnetic field.
Video microscopy imaging was used to quantify chain growth at varying Mason numbers. In Fig. 3 , the rate of particle chain formation is shown for different rotational speeds. The average length of a chain was determined from 70 individual measurements of chain length that was defined as the number of single particles that were members of the chain. Average chain length L(t) was calculated based on the number of particles.
where n i = number of particles per chain and N = total number of chains.
For a given x or Mason number, chain length increased with time for Mn \ 0.012. For Mn C 0.012 no chain formation was observed, suggesting a critical Mason number above which the fluid drag forces dominate the interparticle magnetic attractive forces. The growth of chains as a function of time was also observed for particles in a stationary fluid (Promislow et al. 1995) and particles in shear flow (Brunet et al. 2005) . Based on Smoluchowski's kinetic equation, Promislow et al. (1995) applied a scaling argument to describe chain growth where mean chain length S t ð Þ h i$ t z . They showed that when the drag force is proportional to the chain size (where chain diffusivity is inversely proportional to chain size), z = 0.5. Their experimental results typically gave z values between 0.45 and 0.75 for varying particle concentrations and magnetic fields which indicated enhanced particle diffusivities for higher z values. Similar scaling analysis of our data shows comparable results as seen in Fig. 4 . The data are obtained from experiments with Mn \ 0.012, where chain growth is observed. The power law fit to the data indicates that z = 0.84, suggesting strong enhancement of particle chain formation over a broad range of Mn. This enhancement can be attributed to the large dimensionless dipole strength k (ratio of magnetic energy to thermal energy) where k ¼ ðpl 0 d 3 M 2 Þ=ð72k B TÞ with l 0 the magnetic permeability in a vacuum, d the bead diameter, M the bead magnetization, k B the Boltzmann constant, and T the temperature of the fluid. The dipole strength calculated for the magnetic particles is 4500, over two orders of magnitude larger than that studied by Promislow et al. (1995) . This enhanced magnetic attraction can result in rigid chains with high local fields, leading to enhanced chain growth rates and the persistence of linear chains against fluid drag. The motion of chains, relative to the fluid that contains unbound single particles, leads to single particle scavenging by rotating chains and an enhanced growth rate beyond that found in quiescent conditions.
To gauge the impact of rotation on chain growth and on mixing in a capillary under a uniform external magnetic field, we need to understand the relative motion of the particle chains with respect to the fluid. Figure 5 presents a cartoon of the motion of rigid chains in a rotating capillary with a solid body rotation, both with and without a uniform external magnetic field. In the absence of a magnetic field, a cross (in this case represented as two imaginary orthogonal particle chains) will move with the fluid without deforming. To a fixed observer, the cross appears to rotate but there is no rotation or motion relative to the fluid-and hence no mixing. When the magnetic field is present, a chain will attempt to rotate to follow the fluid motion, but will be torqued by the magnetic field to align along the magnetic field lines. To execute each realignment, the chain must undergo a 90°counter-clockwise rotation with respect to the fluid for each 90°clockwise rotation of the capillary, sweeping through a quadrant of the fluid. A full 360°rotation of the capillary leads to a corresponding 360°c ounter rotation of the chains. In effect, each chain behaves as a small rotor, sweeping through the fluid. The picture is similar to the observations of Kang et al. (2007) . The images of chains in our capillary indicate that there is a sufficient population of chains of sufficient length that much of the fluid in the capillary will be interrogated by rotating chains (Fig. 1) .
The images of the single particle and chains were used to estimate velocities. Figure 6 shows snapshots of timelapse images of single particles and a chain. The single particles move at a velocity that is very close to the expected velocity of the fluid, as determined by a solid body rotation. However, the chain moves at a slightly slower speed; the velocity difference between the fluid and chains ranged 5-10 lm/s; this difference is greater than the measurement error that results from the depth of focus f * 25 lm of the imaging system (resulting in an estimated velocity uncertainty of *4.4 lm/s due to radial position uncertainty). Biswal and Gast (2004b) showed that it was possible for the motion of chains to become asynchronous with the rotation of their external magnetic field above a certain Mason number. The impact of the rotation of chains on mixing and biochemical reaction was examined directly using HRP enzyme-coated magnetic particles and colorless TMB substrate. This reaction set was chosen because it provided a system that was diffusion-limited rather than kinetically limited. The relative rates of diffusion versus chemical reaction are characterized by the Damkohler number, Da; a large Damkohler number indicates that the chemical reaction is limited by diffusion or mixing. The rate constant for the reaction of TMB with HRP is k = 3.6 9 10 6 M -1 s -1 ; the diffusion coefficient of TMB in water is 3.1 9 10 -10 m 2 s -1 (Marquez and Dunford 1997; Baldrich et al. 2009 ). For our conditions, the Damhohler number was above 4 9 10 6 . Hence, this reaction pair provides a suitable measure of mixing and diffusion. We found that the progress of the reaction between the two reactants (HRP and TMB) was improved when the magnetic field was applied across the rotating capillary (Fig. 7) . The presence of magnetic field (at our lowest Mason number condition at which chains are formed) reduced the time for quasi-completion of reaction by about a factor of two.
It must be noted that an optimum Mason number for mixing has not been determined in this study. Clearly subcritical Mason numbers are required to form chains that are needed for enhanced mixing. Too small a Mason number will lead to undesirable aggregation. An operationally optimum Mason number for optimum mixing rates should exist. In practice, the magnetic field should be stronger that the field used in this work. One would expect that chains will form more quickly in a stronger magnetic field and so the assay time will be reduced. An increase of the field strength requires a concomitant increase in the rotational speed to achieve a critical Mason number. The higher rotational speeds required under stronger field conditions prevented successful imaging of the faster moving particles and chains in our set-up. Therefore, all the results here have been obtained under the conditions of constant magnetic The realignment is shown at four locations. At each location, the light gray chains indicate the position of the chain if it had simply followed a solid body rotation from the previous quadrant. The chain rotates 90°between each quadrant to achieve realignment with the external field. A segment of fluid is swept out by the chain as it realigns with the field Fig. 6 Images of single particle and particle chains. Arrow indicates the direction of the rotating capillary tube. (B = 10 mT, 0.06 wt% solids, 10 % glycerol, x = 0.176 rad/s). a 0 s, b 0.78 s, c 1.56 s field strength for which imaging was feasible. However, we expect that under actual conditions of a bioassay, when particle imaging is not a concern, a stronger field and faster rotational speed will improve the speed of the assay considerably compared to the conditions pertaining in the current study.
Conclusion
Superparamagnetic particle dynamics were evaluated in a rotating flow field in a capillary tube by studying the average chain length. The particles in the capillary tube formed chains and lined up along the magnetic field. The Mason number was changed by changing the rotational speed of the capillary and the viscosity of the suspending fluid. Magnetic particle chain length increased linearly with time for Mason numbers smaller than 0.012. Our results showed the presence of a critical Mason number for the inhibition of chain growth from single particles. When chains are created, their rotational motion relative to the fluid can enhance mixing and the progress of biochemical reactions. A kinetically fast reaction was used to assess mixing. Reducing the Mason number so that chains formed was found to enhance the progress of the HRP-TMB reaction. An ideal Mason number for an actual bioassay would promote chain formation and relative motion of the chains without the formation of aggregates that lose surface area and reaction sites. A practical application of the principles set forth here would involve a stronger magnetic field and faster rotational speed of the capillary to enhance the speed of an assay. Fig. 7 Percentage transmittance of the TMB substrate as a function of time. HRP enzymes that catalyze the TMB substrate were coated on magnetic particles that were introduced into the capillary along with buffer medium containing TMB substrate. The color of the solution changed as reaction of the TMB proceeded, causing the transmissivity of light to be reduced as a result of absorbance.
The curves show the mixing of the solution for different Mason numbers. In all cases, the experiments started at a normalized intensity of 100. Dashed lines indicate the approximate times when the reactions reached completion. The inset focuses on the results at around 10 min of mixing time (0.06 wt% solids, 4.24 mT, 10 % glycerol)
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